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Description 



A CONTROL METHOD AND CONTROLLER 
FOR A SOLENOID-OPERATED 
ELECTROHYDRAULIC CONTROL VALVE 

Background of Invention 
[0001] 1. Field of the Invention 

[0002] The invention relates to a solenoid-operated control valve 
with reduced resonance instability and reduced hysteresis. 
[0003] 2. Background of the Invention 

[0004] Pressure regulation in a hydromechanical valve system 

typically uses an electronically-controlled valve actuating 
solenoid, wherein regulated control pressure developed 
by the valve system is functionally related to current ap- 
plied to a solenoid actuator in accordance with a cali- 
brated transfer function. Valve systems of this kind are 
used, for example, in automatic transmissions for auto- 
motive vehicles. Control pressure developed by the trans- 
mission valve system actuates fluid pressure operated 



clutch and band servos in a gearing system. The servos 
are controlled in this fashion to establish and disestablish 
multiple torque flow paths from an engine to a driven 
shaft in an automotive powertrain. Calibrated ratio shifts 
in the gearing are achieved as transmission clutch and 
band servos are selectively activated. Under certain oper- 
ating conditions, such systems may be characterized by 
dynamic instability related to interactions between trans- 
mission pressure regulating solenoids and other elements 
of the hydraulic system. 
[0005] It is known design practice to introduce a dither frequency 
for solenoid valve current, causing the current to oscillate 
at a predetermined high frequency and at a predeter- 
mined low amplitude. The dither frequency is applied to 
the solenoid energizing current to produce a variable 
magnetic field related to energizing current with a precal- 
ibrated transfer function. One type of solenoid used in au- 
tomotive vehicle powertrains has an output pressure that 
is inversely proportioned to current. Typically, the output 
pressure for such solenoids obtained when the energizing 
current increases is less at a particular current level than 
the output pressure obtained for the same current level 
when the current level decreases. Because of this differ- 



ence (hysteresis effect), the output pressure is not pre- 
cisely proportional to a given magnetizing current. 
[0006] The presence of dither frequency imposed on the energiz- 
ing current improves reliability of the regulating valve by 
reducing the possibility of valve sticking and by reducing 
adverse performance of the system valve due to residual 
magnetism and changes in system compliance related to 
temperature changes, valve mass, valve spring force, and 
mass of the regulated fluid itself. The dither frequency 
also reduces adverse effects of fluid viscosity changes and 
contamination. 

[0007] Instability of the operational characteristics of a variable 
force solenoid can be caused also by internal wear, which 
can cause a shift in the transfer function relative to an ini- 
tially calibrated transfer function. This may produce a 
lower pressure for a given transmission torque demand, 
which may lead to undesirable elongated ratio shifts in the 
transmission, friction element flare, and clutch wear. Fur- 
ther, variations in the transfer function may cause unde- 
sirable high pressures for a given solenoid current level, 
which in turn can cause a decrease in shift quality, evi- 
denced by harsh shifts, clutch wear, and friction element 
tie-ups as one friction element is actuated or released out 



of synchronism with the application or release of a com- 
panion friction element. 

[0008] It has been found that in control systems of this type, in 
which a dither frequency is used to reduce variations in 
transfer function, the electrical hydraulic and mechanical 
performance of the valve system may change, thereby 
causing a resonance instability, which can cause unwanted 
steady-state variations in output pressure. 

[0009] System compliance may be a function of the amount of air 
entrained in the fluid within the pressure control system, 
as well as within mechanical accumulators in the valve 
system. Such variations in compliance can cause problems 
due to resonance with respect to the dither frequency. 
Resonance can result in large amplitude valve oscillation, 
which can cause metal contact at an end of travel of a 
valve within its sleeve, thereby causing asymmetrical fluid 
supply and fluid exhaust flow that shifts the average pres- 
sure output of the valve. 
Summary of Invention 

[0010] Electrical dither frequency in a valve system using a 

solenoid-actuated pressure control valve may not always 
be sufficiently different relative to the solenoid's natural 
frequency to prevent resonance. If a fixed frequency is 



used, it can, under some conditions, be too high to pro- 
duce sufficient movement to eliminate or to reduce valve 
sticking and an accompanying undesirable hysteresis. Un- 
der other conditions, it may be low enough to cause reso- 
nance problems. 

[0011] In accordance with the present invention, the dither fre- 
quency is scheduled to accommodate changes in the 
solenoid system compliance. The strategy and the calibra- 
tion of the control system to reduce resonance instability 
is achieved using dynamic control of the electrical dither 
frequency. The solenoid transfer function in this way can 
be calibrated with a given dynamic dither frequency. Data 
used in achieving the calibrated dynamic dither frequency 
is obtained from a test stand during a transmission cali- 
bration stage to optimize the solenoid control. 

[0012] jhe strategy of the invention dynamically controls electri- 
cal dither frequency as a function of transmission oil tem- 
perature, current, and transmission oil pump speed, for 
example, to reduce or to avoid undesirable transmission 
pressure control variations. When the pressure control 
system becomes unstable at a given commanded pressure 
level, electrical dither frequency input is changed to avoid 
resonance, causing the instability to subside or disappear. 



As commanded pressure increases further, the electrical 
dither frequency is returned to the original value. In this 
way, hysteresis is reduced and greater pressure control 
accuracy, repeatability and stability are achieved, which 
improve shift quality, clutch durability, and overall operat- 
ing performance of the transmission. Further, the control 
of electrical dither frequency in this way reduces internal 
wear of the solenoid, which over time can cause a shift in 
the solenoid transfer function. Among other benefits that 
result from avoidance of a shift in transfer function are 
improved shift quality and reduction of powertrain speed 
flare. 

Brief Description of Drawings 

[0013] Figure 1 is a schematic cross-sectional view of a 

solenoid-operated valve in an automatic transmission 
control circuit; 

[0014] Figure 2 is a transfer function plot of control valve pres- 
sure versus current for an automatic transmission control 
valve that is actuated by a solenoid using a dither fre- 
quency of 200 Hz where instability is present; 

[0015] Figure 2a is a plot corresponding to the plot of Figure 2, 
where stability is present due to dynamic dither frequency 
control; 



[0016] Figure 2b is a plot corresponding to Figure 2a wlierein a 
ditlier frequency of 400 Hz is used and stability is present 
due to dynamic frequency control; 

[0017] Figure 3 is a transfer function plot corresponding to Fig- 
ure 2 with a dither frequency of 200 Hz, which demon- 
strates the relationship of solenoid current to line pres- 
sure rather than to control valve pressure, where instabil- 
ity is present; 

[0018] Figure 3a is a plot corresponding to the plot of Figure 3 

where stability is present due to dynamic dither frequency 
control; 

[0019] Figure 3b is a plot corresponding to Figure 3a wherein a 
dither frequency of 400 Hz is used and stability is present 
due to dynamic frequency control; 

[0020] Figure 4 is a plot of simulated pressure and valve spool 
position versus current for a solenoid-operated valve in 
which the valve is stable; 

[0021] Figure 5 is a plot corresponding to the plot of Figure 4 
wherein the valve is unstable and valve hysteresis is in- 
creased relative to the normal hysteresis illustrated in Fig- 
ure 4; 

[0022] Figure 6 shows time traces of control valve pressure, line 
pressure, and control valve current for a transmission 



solenoid-operated valve, the traces being actual test 
traces for a solenoid valve without dither frequency con- 
trol, where instability is detected; 
[0023] Figure 6a is a schematic representation of dither fre- 
quency for solenoid current applied to a solenoid-oper- 
ated valve; 

[0024] Figure 7 is a time plot illustrating commanded pressures 
and corresponding actual pressures measured at various 
locations on a transfer function, wherein stability is indi- 
cated by minimal separation between commanded pres- 
sure and actual pressure at various regulated pressure 
values; and 

[0025] Figure 7a is a time plot corresponding to the time plot of 
Figure 7 wherein dynamic instability is demonstrated in a 
range of pressures between 10 psi and 40 psi. 
Detailed Description 

[0026] Figure 1 shows a valve spool 10 positioned in a valve body 
12. A fluid pressure inlet port 14 in valve body 12 com- 
municates with a main pressure regulator valve 16 of an 
automatic transmission control system. The main regula- 
tor valve is supplied with fluid pressure by a transmission 
pump 18 driven by an engine in a vehicle driveline. The 
regulator valve 16 communicates with a transmission 



control valve circuit 20 and with a valve pressure ports 22 
and 14 in valve body 12. 

[0027] The automatic transmission 72 includes transmission ratio 
shift valves that respond to regulated line pressure. Con- 
trols of this type are well known in the art. 

[0028] An exhaust port 24 registers with a valve land 26 on the 
valve spool 10. A companion valve land 28 registers with 
inlet port 14. Annular space 30 surrounding the valve 
spool 10 is in communication with the control pressure 
port 22, and lands 26 and 28 control the degree of com- 
munication between port 22 and each of the ports 14 and 
24. Spring 32 pushes the valve spool 10 in an upward di- 
rection, as viewed in Figure 1. 

[0029] A solenoid actuator 34 is located at the upper end of the 
assembly shown in Figure 1. The solenoid actuator 34 
comprises a solenoid housing 36, which is secured to the 
upper end of the valve housing, as shown in Figure 1, at 
36. A solenoid coil 38 is housed in the solenoid housing 
36. It surrounds a pole piece 40 and a movable armature 
42. The armature is aligned with the pole piece and is 
separated from it by a calibrated air gap 44. An armature 
guide 46 surrounds the armature 42 and guides move- 
ment of the armature 42 as the armature is displaced by 



the electromagnetic field created by the coil 38. 

[0030] An electrical connector 48 comprises electrical leads 50 

for the coil 38. A connector housing is secured, as shown, 
between a flux washer 52 and coil 38 within the housing 
36. A flux flow path passes through coil 38, upper flux 
washer 47, housing 36, lower flux washer 52, armature 
42, an air gap spacer at 44 and then to pole piece 40. 

[0031] An armature spring 54 pushes the armature in a down- 
ward direction, as viewed in Figure 1. Spring 54 is seated 
on an adjustment screw 56 received threadably in pole 
piece 40. The adjustment screw can adjust the force of 
spring 54 as it is threadably adjusted in the pole piece 40. 

[0032] The valve spool 10 has a restricted flow passage 58, 

which communicates with a central pressure flow passage 
60 in the valve spool 10. The passage 60 conducts fluid 
from the inlet port 14 to a pilot valve opening 62 in the 
valve body 12. A pilot valve element 64 at the lower end 
of the armature 42 registers with the opening 62 and es- 
tablishes restricted and controlled communication be- 
tween passage 60 and exhaust ports 66. The area be- 
tween exhaust ports 66 and the movable armature 42 is 
sealed by a flexible diaphragm seal 68. 

[0033] When the solenoid coil 38 is energized, armature 42 reg- 



isters with orifice 62, tliereby controlling the pressure 
build-up in pressure cavity 70. That pressure in cavity 70 
creates a hydraulic pressure force on the valve spool 10, 
which opposes the force of spring 32 and the control 
pressure force acting on the other end of valve spool 10. 
Thus, the pressure at control pressure port 22 is a func- 
tion of the electromagnetic force of the armature 42 when 
an energizing current is applied to the coil 38. 

[0034] In Figure 1, electronic connections between the elements 
of the control system are illustrated by dotted lines. Hy- 
draulic connections are illustrated by solid lines. 

[0035] The control valve circuit 20 receives regulated control 

pressure from the solenoid operated valve pressure port 
22 and controls main regulator line pressure for clutch 
and band actuators of the automatic transmission, shown 
schematically at 72. 

[0036] A dither current oscillator 74 imposes on voltage supply 
76 a dither frequency, as will be explained subsequently 
with reference to Figure 6a. Also, as will be explained 
subsequently, the dither frequency is modified at control 
pressure demands that tend to develop dynamic instabil- 
ity. 

[0037] The dither frequency controller, shown at 78, is in electri- 



cal communication with powertrain control module 21 and 
the dither frequency oscillator 74. The powertrain control 
module includes precalibrated pressure and frequency 
data in a computer memory. It is effective to modify the 
dither current supplied to the solenoid supply current 
when the valve system is in an unstable range of pressure 
values. 

[0038] Figure 6a is a time plot that illustrates schematically a 

sawtooth (triangular) waveform for current supplied to the 
solenoid coil 38. This is indicated by reference numeral 
80. The frequency of the dither current may be approxi- 
mately 200 Hz and the amplitude may be approximately 
200 ma. A conventional switching frequency for current 
applied to the coil 38 is shown at 82. The switching fre- 
quency is caused by the physical characteristics of the 
solenoid (e.g., inductance and resistance). It may have an 
amplitude of 100 ma and a high switching frequency that 
is a function of the particular inductance and resistance of 
the coil 38. 

[0039] The control valve current may change from one level 

shown at A in Figure 6 to a lower level shown at B. If the 
solenoid valve is stable, the line pressure and the control 
pressure should increase when solenoid current de- 



creases. This is demonstrated by traces 88 and 86, re- 
spectively. Tlie beliavior of the control pressure and the 
line pressure that accompanies a change of control valve 
current from point A to point B indicates that the valve is 
stable. At a later time, indicated by point C, when the 
control valve current decreases to a lower value indicated 
at D, the resulting line pressure decreases, as shown at 
92. Further, the control pressure decreases as shown at 
90. This behavior of the line pressure and the control 
pressure indicates instability of the valve system because 
the values for those pressures should increase in an ex- 
pected pattern similar to the behavior indicated at points 
A and B. This behavior at points A and B is an inversely 
proportional relationship between current and pressure. 
[0040] When instability is expected, the PCM 21 and the dither 
frequency controller 78 will respond by decreasing or in- 
creasing the dither frequency. For example, the controller 
78 may decrease the dither frequency by 200 Hz. If the 
original value for the dither frequency is 200 Hz, the fre- 
quency in effect then becomes zero. In an actual embodi- 
ment of the invention, this condition can be achieved by 
shutting off a capacitor in an inductor-capaci- 
tor-resistance (LCR) circuit for the dither frequency oscil- 



lator 74. On the other hand, if the dither frequency is 
modified by increasing the frequency value (for example, 
by changing the dither frequency from 200 Hz to 400 Hz), 
that too will result in a stable state when the control valve 
current decreases. 

[0041] The dither frequency controller 78 can be precalibrated to 
provide a dither frequency change when the control pres- 
sure is within a pressure range corresponding to the con- 
trol valve current range shown at the region of points C 
and D in Figure 6. A dynamic example where the dither 
frequency is changed to zero in the pressure range of 10 
psi to 40 psi and then returned to 200 Hz dither fre- 
quency above 40 psi is demonstrated by the calibration 
plot of Figure 7. The benefit of this dynamic dither fre- 
quency control can be seen by comparing Figure 7a, in 
which dither frequency is a constant 200 Hz and instabil- 
ity is present, to Figure 7 in which dynamic dither fre- 
quency control is used and instability is removed. 

[0042] Figure 7 and Figure 7a plot commanded pressure 94, 96 
and 98 (or expected pressure) (psi) and actual pressure 
100, 102 and 104 (psi) with respect to time. The plot for 
Figure 7a was generated using constant 200 Hz dither 
frequency. It is a good example of instability and the rela- 



tionship of the instability to hysteresis. When the test of 
Figure 7a begins, the value of the commanded pressure at 
94 is substantially the same as the actual pressure at 100. 
The actual point of instability is between 10 and 15 sec- 
onds, where actual pressure remained at 20 psi as op- 
posed to achieving the commanded value of 25 psi as 
seen in Figure 7a. Subsequently, a separation between ac- 
tual pressure at 102 and commanded pressure at 96 ex- 
hibits a condition analogous to hysteresis. Eventually, 
commanded and actual pressures intersect at 98 and 104. 
[0043] Following a return to stability, as shown at 98 and 104 in 
Figure 7a, a test at a subsequent time of 40-45 seconds 
in the test period again indicates instability as shown at 
106. 

[0044] As control pressures decrease during the bench test indi- 
cated in Figure 7a, stability again is indicated at 110. 

[0045] In comparison to Figure 7a, Figure 7 is a good example in 
which instability is avoided through dynamic dither fre- 
quency control. The instability area was characterized 
during calibration as being between 10 and 40 psi in Fig- 
ure 7a. Knowing this, the dither frequency is changed 
from 200 Hz to zero dither frequency between 10 to 40 
psi and then returned to 200 Hz dither frequency after the 



40 psi point. Clearly, the actual pressure 102' changed 
values in the 10 to 40 psi range to nearly match the com- 
manded pressure 96'. The slight difference between the 
plots exhibits low hysteresis. Additionally, the instability 
exhibited in Figure 7a between 20 and 25 psi is elimi- 
nated. It is noteworthy that the same transmission and 
solenoid was used to generate the plots in Figures 7a and 
Figure 7 and that the area of change was related to the 
use of the dynamic dither frequency control. 

[0046] The powertrain control module 21 can be calibrated for 
predicted instability for control valve current at points C 
and D, for example, of Figure 6. The dither frequency 
controller response is a change in the dither frequency, as 
previously explained. The advantage of using a dither fre- 
quency superimposed on a base control current, which is 
discussed previously, is lost during the period the con- 
troller 78 adjusts the dither current oscillator frequency. 
But this is relatively inconsequential compared to the sub- 
stantial disadvantages of instability that are avoided. The 
percentage of the operating time during which dither fre- 
quency is modified is very short compared to the overall 
operating time of the valve system. 

[0047] Figure 4 shows a computer simulated pressure trace for a 



solenoid-operated valve as solenoid current changes. The 
characteristics indicated in Figure 4 show that in a range 
of approximately 0.6 amps to 1.0 amps, the control pres- 
sure is approximately 10 psi to 60 psi, as indicated by 
traces 116 and 118. The corresponding valve spool posi- 
tion traces are shown at 114 and 112, respectively. Traces 
114 and 112 demonstrate a stable valve system since 
there is a lack of fluctuating spool position peaks charac- 
teristic of instability. The position fluctuations seen at the 
left side of Figure 4 are normal fluctuations at lower 
solenoid current values. They are inconsequential. They 
are caused by normal force-induced valve spool position 
oscillations in the valve and spring mass combination 
when the valve lands are not at metering edges. 

[0048] The control pressure achieved during increasing current is 
shown by plot 118, and a corresponding control pressure 
plot with a decreasing current is shown at 116. The sepa- 
ration of these two curves at 116 and 118 is an indication 
of hysteresis. The magnitude of the hysteresis is relatively 
small in a stable valve system. 

[0049] In contrast to Figure 4, Figure 5 shows an unstable valve 
system where the spool position traces at 120 and at 128 
corresponding to a current of 0.6 amps are stable, but the 



spool position becomes unstable in region 122 as the 
current is increased to a range of about 0.7 to 0.9 amps. 

[0050] The control pressure plot corresponding to the position 
trace at 120 is indicated in Figure 5 at 126 as the current 
increases. The pressure plot for the decreasing current is 
indicated at 124. This corresponds to the position trace 
128. The separation between pressure plots 124 and 126 
indicates a large undesirable hysteresis. 

[0051] Figure 2 shows a plot of control valve pressure versus 

solenoid current (200 Hz dither for the current). This is a 
plot of transfer functions for the solenoid-operated valve. 
The transfer function with an increase in current is shown 
at 132 and the transfer function with a decrease in current 
is shown at 130. The effect of instability on the transfer 
function is indicated at 134 where the transfer function 
plots separate at a value of .75 amps to .85 amps. 

[0052] In comparison, Figure 2a is a plot of the same information 
as in Figure 2 except that current dither is zero hertz. Ad- 
ditionally, Figure 2b also plots the same information as in 
Figure 2 except that the current dither frequency is 400 
Hz. Both Figure 2a and Figure 2b exhibit return to stability 
in the area of instability exhibited in Figure 2 between 
0.75 amps to 0.85 amps. It is noteworthy that the same 



solenoid and transmission was used to generate all three 
plots and that only the dither frequency was changed to 
achieve pressure stability. 

[0053] The plot of Figure 3 shows the transfer functions for line 
pressure with an increase in current and for a decrease in 
current. These respectively are indicated at 138 and 136. 
Instability is demonstrated in the transfer functions, as 
shown at 140. The plot of Figure 3 is substantially similar 
to the plot of Figure 2 since line pressure typically is a lin- 
ear function of throttle valve pressure. 

[0054] The transfer function plots of Figures 2a and 3a, where 
the dither frequency is zero, correspond respectively, to 
the plots of Figures 2 and 3, where the dither frequency is 
200 Hz. In the case of Figures 2a and 3a, the instability 
shown at 134 and 140 in Figures 2 and 3, respectively, is 
eliminated. This is due to the zero dither frequency. The 
lack of a dither frequency in the case of Figure 2a causes 
more separation of the plots, but the instability at 134 in 
Figure 2 is not present in Figure 2a. 

[0055] Figures 2b and 3b show transfer function plots that use a 
dither frequency of 400 Hz. These figures correspond, re- 
spectively, to Figures 2a and 3a. The pressure indicated in 
Figure 2b is control pressure and the pressure indicated in 



Figure 3b is line pressure. These figures demonstrate tliat 
stability is achieved by changing dither frequency to 400 
Hz. The instability shown at 134 in Figure 2 is not present 
in Figure 2b. The numerals used in Figures 2b and 3b to 
identify the plots correspond to the numerals used in Fig- 
ures 2a and 3a, respectively, but prime notations are 
added to the numerals in Figures 2b and 3b. 

[0056] The control pressure transfer function of Figure 2a has a 
characteristic shape similar to the characteristic shape of 
the line pressure transfer function of Figure 3a. This is 
because, as previously explained, line pressure is a linear 
function of control pressure. The plots 130 and 132 in 
Figure 2 correspond, respectively, to plots 142 and 144 in 
Figure 2a. The plots 136 and 138 in Figure 3 correspond, 
respectively, to plots 146 and 148 in Figure 3a. 

[0057] Although an embodiment of the invention has been dis- 
closed, it will be apparent to persons skilled in the art that 
modifications may be made without departing from the 
scope of the invention. All such modifications and equiva- 
lents thereof are intended to be covered by the following 
claims. 



